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ABSTRACT

The concepts, experimental techniques, and theoretical analyses of the surface
energy of solid ceramic materials are reviewed with the aim of condensing a large mass
of unrelated data into a concise form for comparison and cvaluation. It is shown that
various experimental methods can be applied to the measurement of surface ¢nergy, but,
that each of these has certain limitations which are often unstated. Furthermore, it is
shown that theoretical analyses and empirical correlations, while sometimes rather
imprecise, can be used to approximate surface energies, particularly as functions of
temperature. While a few materials have been discussed in considerable detail (such
as MgO, Al203 and some alkali halides), a review of the literature notes that there is a
great paucity of information on the surface energies of many solids of interest., Improve-
ments and extensions of experimental and empirical techniques are suggested that will
help to fill the voids in the present understanding of ceramic solid surfaces, and specific
analyses of experimental methods are forwarded. It is shown in the report that the
proper use of thermodynamic techniques offers considerable potential for the measure-
ment and interpretation of solid surface energies of a large number of materials that
are poorly understood at present, In addition, the further development of thermody-
namic methods pre-ents an opportunity to investigate solid surface energies of non-
brittle materials, thus overcoming one of the basic limitations of the use of mechanical
methods,
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I. INTRODUCTION AND SUMMARY

The surface energy of a solid is an imporia. * factor in many phases of science and
technology, not only for itseif but also through its marked influence on other physical
properties. Since the earliest work of Griffith, in which the now famous ''Griffith
criterion" for crack propagation (i.e., for surface formation) was expounded, many
researchers have attempted to use his concepts in describing the nature of fracture in
brittle, semi-brittle or ductile materials., Moreover, numerous modifications to basic
Griffith theory have been developed to account for deviations from the perfect cases,
which are more easily treated.

During the past few years, efforts on the study of solid surface energies have
increased, particularly as a by-product of basic research on fracture, While the pre-
ponderance of recent literature on the subject of solid surface energy is still devoted ‘o
considerations of the fracture process, the study of surface energy is increasingly being
extended to numerous other areas of investigation, One of the most obvious applications
lies in the theory of adhesici. and the development of adhesive joints, which have tre-
mendous potential, for instance, in airplane and automotive construction, in the fabrica-
tion of habitable dwellings, and in spontaneous cold-welding of components in high vacuum
environments, such as outer space., Surface energy is an important factor in all studies
of friction, lubrication, and wear; of coatings; of glass-to-metal seals; and many other
areas of product development, Similarly, in process development the surface energy of
a material will contribute, in part, to mechanisms of filtering, wetting, catalysis, sin-
tering, epitaxial growth, any kind of joining or bonding, and crystallite and colloid
morphology, including the size and shape c{ ultra-fine particles in smokes and other
particulate pollutants, Furthermore, the role of the surface energy is a critical dete=--
minant in any surface treatment, such as cleaning, polishing, activation, or the like,
The design of coupling agents for composite structures is an area of particular current
importance in which surface energy is basic,

Inasmuch as the colid surface energy is a significant factor in many different fields
of research and technology, and, in addition, since there is no collected w.rk known to
this writer which organizes the subject in any detail, the present state-of-the-art report
was commissioned.

The concept of surface energy, from its basic definition through a discussion of
general factors that affect measured values, is covered in some detail, and the relations
betv zen surface energy and other materials properties .-e explored.

From an experimental point of view, the report describes various techniques that
have been devised for the determination of surface energy. These may be broadly
classed in two categories: mechanical and thermodynamic. In the former, primary
consideration has been given to the Griffith criterion for ~rack propagation and the
extensions of this o o multitude of expcrimeital arrangements, The fracture of a ma-
terial is accompanied by the creation of fresh surfaces, and the simplest concepts show
that the energy required to effect fracture is merely the product of the surface energy
and th= area of the newly exposed faces. This theory, with inodifications, has been
applied to the determination »f surface energies in brittle materials, but is seen to be
insufficient in materials with significant plasticity., Techniques based on the Griffith
criterion have included single crystal tracture and crack propagation, determir.ation of
total stored elastic energy prior to failure in polycrystalline masses, measurements of
total area created in crushing, the energy to effect drilling, and others.




Aside from the applications to single-crystal materials, most of these mechanical
methods result in erroneous values of surface energy, generally too large as a result of

not having corrected for plasticity, kinetic energy of resulting particles, friction effects,
aad the like.

Other mechanical methods have been devised for specific materials classes, such
as the spcntaneous bending of thin wafers of compound semiconductor crystals, In this
case, a lack of inversion symmetry in the (111) direction of the crystal lattice serves to
expose different "compositions' on opposite crystal faces, and a corresponding difference
in surface tension produces a bending moment that may be interpreted in terms of these
tension differences. In addition, analyses of unit cell dimensions of extremely fine
particles provide a measure of the degree to which surface tensions act as body forces
on the bulk of the sampie, and the technique is found to apply where there are large sur-
face area/volume ratios, Other determinations of surface energy have been made through
the observation of the stretching of a heated fiber under its own weight or an applied
force. It is presumed that gravitation effects will tend to elongate a fiber while surface
tension forces tend to reduce the length, From the balance of forces that results, an
estimate of the surface tension, as well as the effects of adsorbed impurities, may be
ascertained,.

Each technique is des: ribed in sufficient detail to provide familiarity, and each is
criticized for its ranges of applicability and the reliability ~f the results obtained.

The crack propagation experiments are believed to be the most direct method of
determining solid surface energies. Their n.1jor drawback lies in the range of temper-
atures over which thev may be applied. Wherever dislocation maneuverability becomes
appreciable, surface energy measurements are grossly affected, and complicated cor-
rection factors must be applied to the analysis, Hence, additional techniques must be
supplied for the determination of surface energies over a wider temperature range. To
this end, various methods are reviewed that involve the interaction between solids and
liquids, these falling into the general category of thermodynamic techniques. The method
showing the greatest potential for further development involves the determination of the
critical surface tensicn for wetting of a solid, This method, originally applied to the wet-
ting of low-energy organic materials, has been modified for certain high-energy solids
and suggests that similar critical surface tensions can be measured. There are, how-
ever, two major difficulties in the interpretation of data, First, one must recognize that
the critical tension for wetting is different from the solid surface energy by an amount
equal to the spreading pressure of the candidate liquid on the solid, a term which may be
difficult to evaluate. Second, it has been shown by various investigators that thermo-
dynamic teciinique. will generally provide only a partial answer to the problem, this be-
ing due to the different types of interactions that are possible between dissimilar ma-
terials. In this case, it is necessary to determine critical tensions using various classes
of liquids for a given solid, and the analysis tends to become quite involved.

In spite of these difficulties, thermodynamic techniques (including heats of immer-
sion, heats of solution, solubility rates, and the like) offer considerable promise through
their applicability to materials at clevated temperatures, While the mnst reliable me-
chanical methods may be applied only to complete brittle materials, the thermody-
namic methods can, in principle, be utilized up to the melting point of the specimen.

The theory of solid surface energies is discussed from essentially two points of
view, with different degrees of sophistication in each. The most detailed work on first-
principles calculations of surface energy is considered, where much of the effort has
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been directed toward materials which crystallize in the simple cubic structure, such as
the alkali halides. Calculations are highlighted in which consideration is given to the
electrostatic forces between inons, the effects of surface relaxation, and deformation of
thie lattice due to thermal oscillations., In addition to the detailed formulation given for
the alkali halides, simpler approaches have been used for the estimation of surface
energies of several chalcogenides and oxides,

Various techniques have been proposed for the .stimation of surface energy of
solids based upon correlations with other physical properties. While one method sug-
gests comparison of surface energies with mechanical properties such as hardness, re-
crystallization temperature, and elastic modulus, to name a few, other methods are
based on the comparison with thermodynamic and structural data, including heats of
formation, critical temperatures, crystal structure, and the like., To make full use of
these correlative approaches, it is necessary to obtain information on the surface ten-
sions of molten ceramics and their temperature dependencies, To this end, the scope of
the report is expanded to include such data on the liquid state, where applicable.

The report inrludes tabulation of surface energies for many different materials
(with many common minerals), and reports most measured values, with appropriate
comments regarding the reliability of the results, In addition, data on several dif-
ferent types of glasses are combined in separate tables, although no major effort is
expended to evaluate this information,

Finally, recommendations are made regarding the direction in which future re-
search should be directed to the determination of surface energies of ceramic materials,




I, SCOPE

While the surface energy is an important parameter in a number of different fields
of interest, as indicated in the previous section, certain limitations must be placed on
the scope of materials to be considered in this present review. Firstly, we shall be con-
cerned only with ceramic materials (i,e., nonmetallic inorganic materials). A number
of research programs have been devoted to the determination of surface energies of
metals, many through the use of scratch-smoothing, grain-boundary grooving, sintering,
and similar techniques, A complete analytical compendium of the solid surface energies
of metals is definitely needed, but this subject is beyond the scope of this report,

Furthermore, much work has been done on organic materials, particularly by
Zisman(!) and his co-workers, but this subject is similarly omitted from this review,
However, some of Zisman's techniques are applicable to ceramic materials and con-
sequently, this report will consider some of the organic materials with which he has been
concerned, but solely for illustration,

Secondly, little space will be given to the discussion of the surfa.e tension of mol-
ten ceramics or glasses., It is well-recognized that the surface tension of glasses and
slags has important technological implications, including the applications to glass mold-
ing, enameling, glass-to-metal seals and other areas; however, the material presently
available is quite voluminous (with many major contributions from the Russian literature)
but so unrelated that no detailed review is possible at the present time. To collect the
data without some semblance of a connecting thread would be inconsistent with the aims

of the present report., Such a compilation will be left to future reviews®,

There are, to be sure, several materials that are expected to fall within the scope
as defined her~ and for which no values of surface energy are available except in the
liquid state (primarily alkali metal compounds), The inclusion of such data here will be
seen to be consistent with the scope of the report when discussions on correlation tech-
niques begin,

There will, in addition, be some reference to the work on selected molten ceranmi.
systems, particularly where it is believed that the use of critical contact angle data will
provide information relative to the surface energy of certain solids, Several glass sys-
tems suggest themselves as being suitable for this application, and mention of these and
their role in the determination of solid surface energies will be made at the appropriate
places.

Two very important aspects of the surface-energy determinations have also been
omitted from tlis report: namely, surface preparation techniques and surface area
determinations. The first of these constitutes a major report in itself, being comprised
of complicated procedures and analytical techniques. The preparation of a surface for
detailed structural, physical and chemical studies is not necessarily directed toward the
attainment of a clean surface so much as it has the aim of obtaining a characterized
surface. Although clean surfaces are highly desirable in fundamental studies of inter-
face reactions, the characterized surface provides a more direct means of analyzing
effects at real interfaces,

*There are several early reviews on the surface tension of molten glasses, as noted by Parikh(2), The reader is referred
to these (3.4) for general deails.

« ——




Surface area determinations have similarly been omitted from detailed consider-
ation here, although it is necessary to have such information available. This is partic-
ularly true in those cases where fine particle distributions are required in surface
energy measurements, such as by solubility rates and heats of immersion, Quite gen-
erally, the surface area can be ineasured by adsorption techniques, usually employing
nitrogen gas where interactions other than physical adsorption are generally negligible.
Surface measurement methods have recently been reviewed by Kantro et al.
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I, THE CONCEPT OF SURFACE ENERGY

III-1, Basic Definitions and Distinctions

There are several ways to view the concept of surface energy, depending upon the
degree of detail required and whether interest is theoretical or practical. For a basic
qualitative picture, we may first consider a perfect crystal in an evacuated chamber in
equilibrium with its own vapor. The atoms in the bulk of the crystal are surrounded on
all sides by other bulk atoms and are in an equilibrium configuration that can be readiiy
determined by well-known x-ray techniques,

At the surface of this perfect crystal, such an arrangement is not generally rain-
tained. The surface atoms interact with only half as many atoms as do bulk atoms and,
as a consequence, the surface lattice is somewhat distorted; a certain energy must be
applied if this distortion is to be eliminated. The solid surface energy is the energy
required to restore the bulk lattice configuration at the surface of a perfect crystal. It
is always greater than zero.

A similar concept is surface tension (the force tending to reduce the area of a sur-
face in equilibrium with its vapor), more commonly considered in discussions of the
properties of liquids. Under certain conditions, surface tension and surface energy are
equal, although a rigorous thermodynamic treatment is required to delineate the con-
ditions of equivalence clearly, One of the more important conclusions of such a treat-
ment is that not only can the surface energy and surface ternsion be different, but the
surface tension can be negative (in anisotropic cases). Specific examples of the dif-
ference between surface energy and surface tension of solids will be given in Section V-1,

The details of the argument regarding the differences between surface energy and
surface tension of solids are not necessary to this revi-w, Perhaps the most critical
review and exposition has been given by Johnson(7), with further discussion by Gregg(s).
In the rest of the text, little distinction will be made between tension and energy. In
general, this decision will not affect the interpretation of experimental techniques and
measurements, Where confusion might arise (for examplc, in the discussion below
regarding the thermodynamice of surfaces and interfaces), surface tensions will be
denoted by I' while surface energies are given as Y. Where the two are equivalent,
particularly with liquids, 7y is used,

1I11-2, Factors Affectin& the Ideal Surface Energ_y

In the preceeding paragraphs, we considered only the case of nearly perfect crys-
tals that might be studied in the laboratory and neglected the more ''practical” types of
morphologies encountered in ceramic technology. The reasons for this are rather
stiaightforward; it is generally easier to measure, interpret and analyze the experi-
mentally observed behavior of simple, pure structures rather than become involved in
a number of additional variables that are often poorly specified. In fact, throughout
this report major emphasis has been placed on high-quality well-characterized materials
rather than on the so-called "engineering' materials,
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In view of this situation, we should consider, in rather broad terms, the nature of
the differences to be expected between the types of information obtained with pure single
crystais as opposed to polycrystalline masses and other material conditions, particularly
with regard to experimental observation, First, as will be discussed later, the surface
energy of a crystal is not a unique quantity but varies rather widely for different crystal
orientation, Hence, in a polycrystalline material with many different crystal faces ex-
posed, the measured surface energy will be a weighted average of the spectrum of values
realizable for the specific material,

Further complicating the theory of a heterogeneous sample face are the contribu-
tions from exposed grain-boundary traces, where thegrain-boundary energy is difficult to
isolate, although it is usually intermediate between the surface energies of the juxtaposed
faces at the boundary; however, exceptions to this are quite important,

Various extrinsic factors also affect the ideal surface energy, the most common of
which is the adsorption of extraneous phases from a surrounding atmosphere. For
example, a freshly cleaved surface will rapidly reduce its surface energy by adsorbing
gaseous species. Such contamination is one of the factors that can prevent easy ''repair'
of a fresh break by simply remating the exposed fracture surfaces (surface rearrange-
ment due to surface tension also makes repair difficult),

In addition, ""real' materials pose an important impurity problem, In certain sys-
tems, these impurities are surface active, that is, they tend to concentrate at surfaces
and interfaces (grain boundaries) and lower the surface energy., While high-purity ma-
terials may be available in the laboratory, processing steps can introduce impurities
in the final product, and significant differences in surface energy can result, Further-
more, as mentioned above, in all materials (of both scientific and technological usage)
atmospheric impurities reduce the practical surface energy, not only through adsorption
but often through chemical reaction,

We also note that temperature affects the solid surface energy of any body, both
intrinsically and extrinsically, The intrinsic value of surface energy is temperature
dependent, partly because of configurational changes caused in the crystal lattice,
Secondly, an extrinsic factor arises in consideration of the equilibrium adsorbate pres-
sures, also temperature dependent, As the temperature increases and the degree of
surface coverage decreases, a ''cleaner' surface is exposed, which has a higher surface
energy than the ''dirty' surface,

II1-3, Relation of Surface Energy to Other Material Properties

From purely qualitative reasoning, it appears that the surface energy of a sn'id
could be correlated with other physical properties if we give a more detailed description
of the energy concept. Some of these correlations are introduced below,

Since the analysis of fracture mechanics is important in the measurement of sur-
face energy (as will be discussed in Section IV), it is necessary to consider the condi-
tions necessary for an applied force to propagate a crack, Quite simply, the basic
Griffith criterion for crack propagation stems from an energy-balance relationship in
which the energy required to extend a crack is balanced by the increased energy of the
two fresh surfaces created. Griffith considered the two-dimensional case of an ideal-
ized elliptical crack in an isotropic elastic material. By calculating the rate of decrease




in strain energy associated with the growth of the crack under stress and equating this
to the rate of increase of surface energy, he derived the relation

°=V4_Eyn (1)

nic

where 0 = minimum applied stress required for crack growth
E = Young's modulus
Y = surface energy
c = length of ideally grown crack

Similar treatments have been given to ellipsoidal cracks, surface cracks, and the dis-
crete nature of the crystal structure, In general, it is found that

o=k mlc, (2)
where the geometry factor, k, can vary between 0.8 and 1.3,

A major limitation of such straightforward models is associated with the value
chosen for ¢, which can be interpreted in different ways. In a review of the brittle
behavior of glasses, Mould(9) discussed the effect of stress concentration on the propa-
gation of a crack and showed that for a surface crack of depth, c, and tip radius, p, the

maximum stress, at the tip, is greater than the applied stress by a factor of 2/ . It

follows that the minimum applied stress for growth, 0, and the ultimate stress, 0p,, are
related by

g =

om/RTE . (3)

N -

This is equivalent to Equation (1) if

0 /P

Several researchers investigating fracture in ceramic materials have concluded
that the definition of the tip radius, p, affects the determination of Y. A major limitation
of fracture encrgy measurements and their application to surface energy determinations
relates to the uncertainty of assigned values of p, which, in turn, relates to consider-
tions of partial plasticity, effective values of p, and similar perturbations. In a recent
review, Stokes(10) delved into questions associated with the definition of brittleness,
semibrittleness and ductility, and discussed dislocation mobility and maneuverability in
various crystal systems. Major corrections to the values of p are necessary whenever
a material is sufficiently ductile to result in a plastically deformed zone around the
crack tip, Otherwise, such zones (and the corresponding work to produce these zones)
result in a larger apparent value of the surface energy.

In most materials with a brittle-to-ductile transition, it has been observed that the
transition temperature can depend on the experimental conditions, particularly the mag-
nitude of impulse or strain rate imparted to the specimen, For sufficiently small im-
pulses, a material can behava in a ductile, plastic manner, while large impulses (at the
same temperature) will prodvce catastrophic failure, It is therefore important to

B .
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recognize that fracture-surface energy measurements anrd interpretations must consider
the relative ductility at particular temperatures. As will be seen in later comparisons
of data, for KC1, for instance, plasticity effects are readily observed in various ma-
terials and these are reflected in the values of surtace energy that result,

At this point, we should also consider the concept of surface energy as it applies
to the thermodynamics of wetting and adhesion, inasmuch as experimental tools related
to these phenomena have been proposed, One of the more complete, yet straight-
forward, descriptions of these interface characteristics has been forwarded by Sharp
and Schonhorn(ll), who use the following approach,

In an equilibrium closed system of a liquid, L2, in contact with a plane surface of
an isotropic solid, S), (completely insoluble in L32) and with the saturated vapor VS of
the liquid, the Young-Dupre equation may be written as

r r =T

- °
S|\V2 - SjLp " LpVp . (5)

where the I''s are surface tensions between the phases denoted by the subscripts and 6

is the liquid-solid contact angle. For an equilibrium situation, the surface tensions are
replaced by free energies, which yields:

¥s,v3 " %s,L, T "L,V ©°* 5, (6)

where the y's are the surface free energies.

From purely qualitative considerations, if the new solid surface is completely
devoid of adsorbed species, it follows that the maximum reversible work of adhesion
takes the form

w (7)

adh * %59 * L vd " 5,1y
where the first two terms refer to the new surface created by a complete separation of
the interface and the last term represents the work "lost" when the interface is de-
stroyed. Eliminating ¥g,1,, from Equations (6) and (7) permits writing the combined
expression

= - + 9).
wadh (’Ys‘; ‘Yslvg) + Vszg (1 +cos 9) (8)
‘We note here that a smaller work of adhesion, W4, results if the solid retains
an adsorbed layer of the vapor V,, whence

w ¢z> (1 + cos 6), 9)

adh * ‘YLzV

If, now, one assumes a reversible work cf cohesion of the liquid that is merely
the work required to create two new liquid surfaces (without molecular surface re-
arrangement), we have

w = 2y o,




Wk AR TP, TIPSR, T A

r‘——w—-w e pee—— N eSS ST RN e - T T T T T T T

10

It ncw follows that for © = 0 (that is, complete spreading of a drop on a solid surface),
thers Wagh - Weoh = 'ys‘-l’ -¥s lv‘z’ and the work of adhesion is greater than the work of

cohesion of the liquid,

Sharpe and Schonhorn extended the argument to the case in which the liquid of the
,above example is allowed to solidify (without introducing interfacial stresses) and again
‘concluded that the work of adhesion is always greater than the work of cohesion of the
‘weaker of the two materials.

The line of reasoning developed here assumes that the conclusions are valid when
solidification occurs after joining the materials, These authors also argue, without
specific substantiation, that the same results will obtain if there is solidification before
joining. In that case many additional parameters must be considered in detail,

From this treatment, it can be deduced that where there is intimate contact be-
tween two dissimilar, distinct and immiscible solid materials, the joint so formed will
always fail cohesively, rather than by a breaking of the interfacial bond. Bikerman's
qualitative statistical model(} ), as well as detailed studies on van der Waals forces in
gases tend to support this thermodynamic conclusion, However, the application of this
conclusion to real systems requires that many other factors be included, such as misci-
bility, compound formation, surface texture, interfacia. strains, and others.

It has been shown that if the liquid, L), spreads on a solid, S;, then the work of
adhesion is greater than the work of cohesion, Conversely, Sharpe and Schonhorn(11)
point out that if the work of adhesion of L to S, is greater than the work of cohesion of
L, then L 2 must spread on Sy}, From above we can write

Wadh " Weon ™ 78S " YL,v8 T sy, ° S (1

where S shall be considered as the (initial) spreading coefficient,
In the study of the spreading of organic liquids on various substrates, Zisman(l)
observed that, for a homologous series of liquids, a linear relation could be established

between the contact angle and the liquid surfzce tension, such that

cos@=a-b YLv© (12)

provided that YpLv© Vs 8 critical surface tension, the significance of which will be
pointed out below., The contact angle vanishes for y; yvo = Y., and we can then write

cosB=1+bo (‘yc - ‘yLvo). (13)

If the term I"sl - I‘slvg in Equation (8) is disregarded, and cos 9 is eliminated between
Equations (8) and (13), a quadratic relation results:

2
wadh =(2 + b'yc)yLvo-b'y LV®’ (14)
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which, following Zisman, shows a maximum in Wg4 when

Y

Je
3 - (15)

1
Yov, "6t
Zisman concluded that experiments on determination of Yer the critical surface tension
for wetting, can be used to determine maximum adherence, even if the solid surface
energy is not known, The applications of Zisman's techniques and arguments will be

pointed out in the following sectior,

Before leaving the thermodynamic arguments and definitions, one final point or
critique should be emphasized. Throughout the above discussions, the thermodynamic
relations among the various surface energies and the considerations of different surface
phenomena, including wetting, spreading, contact angles, adhesion, etc,, are assumed
to be quite general and applicable to the study of interactions between all different -
of materials, That such may not be the case has been argued quite strongly by Weyl 13)
and Fowkes (14, 15), where they have suggested that the total surface energy should be
divided into varioul components, Different types of interactions are well known to con-
tribute to the total surface energy of a given material, depending upon the nature of that
material, Van der Waals forces, Coulombic frrces, metallic bonding, hydrogen bond-
ing, dispersion forces, and the like can each contribute (to one degree or another) to tha
total surface energy, and similar forces contribute to interfacial interactions between
contiguous dissimilar materials., The basic argument suggests that, in a system where
two materials interact, consideration should cnly be given to forces common to both
materials, That is to say, for example, that dispersion-force contributions might well
be included in a discussion of the interface between a metal and a polymer, but that the
metallic component of the metal bonding should be disregarded, inasmuch as there is
no counterpart in the other partner. Hence, one should rc-evaluate the conclusions
regarding so-called general rules of wetting and spreading.

As a consequence, some basic questions might arise in the ensuing discussions
of experimental techniques for the determination of the solid surface energy, inasmuch
as some of them use, as a tool, the interaction between two dissimilar materials, It is
possible, of course, to circumvent some of these difficulties or, in fact, to turn them
into advantages by the proper choice of a number of different materials,

o =D R
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1Iv. EXPERIMENTAL TECHNIQUES

IV-1l. Summary of Experimental Techniques

In general, the available techniques for measuring solid surface energy are
divided into two broad classes: mechanical and thermodynamic. But it must be pointed
out, as will be shown in the following text, that the v:.lues obtained hy different methods
will not necessarily be the same. Moreover, the use of two different thermodynamic
techniques can yield different results. This can be demonstrated by the following
argument.

It was shown earlier that the total surface energy of any material is a2 result of
partial surface energies arising from different types of interactions. Furthermore,
the available evidence indicates that when two rnaterials interact by surface forces,
only similar components of the surface energy contribute to the total interfacial energy
of the system. These concepts can now be applied to two examples of experimental
methods for determining the surface energy of solids; the extreme mechanical case of
a crack propagated in a completely brittle material, and the thermodynamic case of a
solid brought into contact with a sessile drop of a high-energy (nonspreading) liquid.

In crack propagation, the freshly created surfaces were in contzct with each other
in the same material. Since the total surface energy of each of these two surfaces must
be equal, it follows that the surface energy calculated from the experimental data must
represent the total surface energy of the solid.

On the other hand, if the surface energy of the solid is considered as the sum of
individual contributions, say 7% = ¥g(1) + ¥s(2) + ¥5(3) + ¥s(4), and the surface energy
of the liquid is comprised of only two components, say, Y, = ¥,(2) + ¥1,(4), then the
interfacial energy determined by the sessile drop technique will only be ¥gp, = ¥g1,(2)
+ ¥g(4). This argument shows that the sessile drop or other thermodynamic methods
require not only a detailed study of the solid surfaces in question, but also a detailed
study of the liquids used as the experimental tools.

Returning to the mechanical techniques for surface energy determination, crack
propagation methods have been shown to be most suitable for brittle materials; but
additional terms enter the analysis when ductility be comes significant at elevated tem-
peratures. Part of this difficulty can be overcome by using high strain-rate methods,
although kinetic energy of the separated parts (in a double cantilever experiment) should
be included in the calculations. These comments generally apply to other mechanical
methods.

While the thermodynamic techniques seem to offer the greatest potential for appli-
cation to all types of solids over wide temperature ranges, there are limitations above
and beyond those pointed out immediately above. The proper choice of liquid systems
with which to work (as in sessile drop experiments) is generally difficult, particularly
for high-temperature applications. Even small amounts of impurities (especially the
so-called "surface-active' impurities) must either be avoided or taken into account to
realize the near-equilibrium conditions required. Furthermore, if the substrate dis-
solves or the liquid diffuses intc the solid to an appreciable degree, the thermodynamic
analysis will be invalid, at least in the present state of development. Some of these
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restrictions are not quite so severe when solubility and/or heat of solution methods
are used to assess the solid surface energy.

B L T

Table 1 summarizes the more common experimental techniques for determining i
solid surface energy, and points out the areas of applicability and the major difficulties
encountered in using them. As the following discussions will show, each method
suggested for the determination of surface energy has several restrictions that must
either be eliminated or accounted for in the evaluation of experimental parameters.

Where extraneous factors affect the measured quantities, the necessary correction
factors can be so large they practically swamp the factors sought, and problems inher-
ent in subtracting large numbers to obtain small differences arise.

One of the better reviews of the early techniques for determining surface ener-
gies was given by Pu‘tington(“’) , where somne discussion was directed toward historical
data and the evolution of the significance of the surface energy. Although the data in-
cluded by Partington are not nearly as well defined as those available from later work,
his review provides a reasonable perspective for viewing later results.

More recently, Bikerman(17) investigated the measurement of solid surface ener-
gies and drew the conclusion that nothing provides reliable values of this devious quan-
tity, provided that it does indeed exist. It is of interest here to note two of Bikerman's
quotations. First, it will be shown in the following sections that cleavage techniques
appear to result, when properly interpreted, in values of the surface energy of brit'.e
solids that agree reasonably well with theoretical values. Of this, Bikerman notes
that "...it appears that the fracture methods ... not only yield improbatle results but
are devoid of any theoretical foundation....." Second, after discussing other expe:i-
men:al techniques, Bikerman closes with the comments ... this review does not answer
the question whether surface energy analogous to that existing in liquids exists in solids
but, in the literature, no experiment could be found which would necessitate an affirm-
ative answer. Perhaps the reader of this review will be able to invent such an
experiment...".

In many respects, one has to agree with the attitude taken by Bikerman regard-
ing the state of the art of measurement and interpretation of surface energies of solids.
The techniques described below all leave something to be desired. Moreover, it should
become apparent that the actual experiments depend critically on the definition of sur-
face energy and, therefore, the interpretation of each experiment can be open to
question.

While Benson et al. made their major contributions in the theoretical calculation
of surface energies (particularly of the alkali halides), their recent review article(18)
goes to some length in describing various experimental methods that may be used to
determine suriace energies.

Techniques have been proposed to measure surface energy other than those dis-
cussed in this review, including adherence tests, which are purported to be reliable.
As a 'word of caution, this reviewer points out that extreme care must be used in the
application of adherence tests to the determination of the surface energy, inasmuch as
it is presumed that complete characterisation of the physical and topographical nature
of the pertinent surfaces and interfaces is available. It is the opinion cf this writer
tha’ a0 simple tests of adhesion have been developed to the point where fundamentally
reliable information can be extracted from the experimental operation.

- e




14

sisreue 3z1s aronred
30J UONIOR1Y PIATOSSIPUN SUTISA003I UT SININOIYPIP (L) se ules

2A1300ns3p £]]¢i01 SUOTILINOTED SIXIUD 109JJ2 IZIs ¥ L) se aules

sareradwiaz paleAa]? 1e
Aeoadse ‘sivowrarmszow aumeadwal 1MOMIP 5109))9 ISUI0D
pue 28p2 ‘saoeyms JuAIYIP AuEW UIOI] STONINQINUOD (L) Se JWeS

a1qussod

uoneuuioj punodwoo pue LQ1Iiqnios ‘pauyap Kpood ,sarras

snoSojowoy, ‘parnnbai spinbi] sno3ojowioy [eI9A3s Jo 1104D
pareoridwos (A813u2 2oejns [enired Luo ut samsaAr sisAreuy

s[erroyews auyresio ur Surpips Arepunoq
-uyes8 wody suonnqINUod snounds ‘djqeuonsanb sisieuy

som1ed)
renotired M sreirew 0 Jjqeotidde Auo Sanjea ainjosqe oN

() se aures

pannbaz
smezedde , sso[uonoly, :9oulpuadap z1s WIOY SUOTINGHIUCD
pareonidwiod ‘spsAteue uy suua) A81ous onaury IpNLOUT IS

sjuauodwod Jemueid
-391u1 Wolj remuerSsuen Suryeredas uy LINOYPTIP (1) se awes

Te1sew urresioljod

.GNG&:EO:«B j¥oe1o ‘moyj onseld @M Isue sanINOYy

-31p saneadinur samzeraduial pateaa e Iqedriddeus
sfeuarewt apunuq A1131dwiod o1 Lfuo Aporas saridde sysreuy

10919 921s Jo pmuSew aujLIINP ued

9191duIod ST UOTINTOSSTP JT UOTINGIIIUOCD IDEHIWY [eUY SPIOAY

(L) se suweg

ATIONISIpUON
syeyaatEW IM1I0NP uo pue sarmeraduwial pAIeAlD e pasn oq ued

saagonts snoydowe o3 a1qeordde Aferanas
!5309J39 1eqIOSPE JI0j pPIsn 9q ued KB1ud 0eymMs [EIC) IMseIw
01 PAADIIR] ‘S[eNINeWl ITIOND JO SUOTIRUTULIINRP rmeradwa-ydiy

*$1031J9 ieqiospe jo uone]
-noted aidwys SOUAYIP UOKUSI SOLHMS JO UONBUFUIINP INLMIOY

(1) se suieg

(1) se 2wes

"saderaae Sujald ‘sopoq
auynerdniiod 01 s1qesTdde zow jegmautos *(1) se auwtes K[Termdsy

ammeraduixn mof 1e paydde 159q 28 e1aA00 Jo/pue

a1nssaxd I1eqrospe JO 10912 UTWIANP ued £S10ud deNs TeI0) SAINSEIHN

vonnossia  (or)
uonnios Jo 1e9H  (6)

uorsIAWWY jo 13 (g)

318ue 1d>RIVODY (L)
stureukpountag]
ssans 1aq1y  (9)
Jajem wag (g)

8unua (v)
Buypd  (¢)

asearn AB1aua meng (z)

uone8edoid oe1n (1)

TedIUe YOI

suopeywr]

saSejueapy

POWISN

A9¥3AN3 3DVRNS ONINIWYILIA Y02 SINOINHOAL TVINIWNNIEAXT TVHIONTEd JO LYVNNNS T 318V




*e

13

-

\
e PR TR

15

IV-2. Mechanical Methods

IV-2.1. Crack Propagation

As discussed in the reference to the Griffith criterion, brittle fracture provides
one of the more popular experimental techniques for determining the surface energy
of solids. While many authors refer to the early work on mica by Obreimov(19), the
more recent developments by Gilman(20) set the stage for increased activity in solid
surface energy experiments. The method of Gilman will be reviewed, including exten-
sions derived by Westwood et al(21),

The system studied consists of a specimen of cross-section dimensions, w and
2t, with a crack of length, L, as shown in Figure 1. A force, F, is applied to the two
halves of the crystal, which can then be treated as two cantilever beams, and the force
required to propagate the crack is measured. Gilman neglected elastic anisotropy in
the analysis, with the exception of the choice of elastic moduli values.

F
W,
~A— — FIGURE 1. SCHEMATIC CRAWING
I\ N OF THE CLEAV&SJ)E
OF A CRYSTAL
28 Sy T
=) -Zt'.
P T

x=0

With the physical model described in Figure 1, the cantilever beams have a
moment of inertia I = wt3/12. Applying the force, F, at x = 0 results in a bending
moment M(x) = Fx in each beam and a strain energy, U, in each beam,

L
_ 1 2 _F2L3
U= 3El S‘ M¢ (x)dx = GET_ (16)
0
Furthermore, the deflection, 6, of the beam (along the line y = 0, the so-called
'""neutral'' plane in each beam) will be
Fx3 FLZ 3 2 (1.-
5= EX Léx FL°  Ft® (L-x) (17

*BEI_ 2EI T 3EI "8Gl

where the first three terms are due to bending and the last is a contribution from shear-
ing. E and G are the Young's and the shear moduli, respectively. Gilman argued

that the contribution from shearing will usually be small enough that the last term of
Equation 17 can be neglected and the deflection curve is taken as
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AL

b= ¢El

(x3 - 3L%x + 2L3) . (18)

We must now consider the various contributions to the energy of crack propaga-
tion. As a crack propagates under the action of the force, F, the cantilever beams are
put into motion, thus creating a kinetic energy term. The mass of an incremental
volume in one of the cantilevers is pwtdx, where p is the density, and the beam moves
with velocity dd/dt; thus the kinetic energy is dT = % pwtdx(ds/ dt)2. The total kinetic
energy of the cantilever is

L

_ pwt a5 \?
T-E;-’—S' (d—t)dx. (19)
0

Now dé/dt = (dé/dL) (dL/dt) = (db/dL)vc, where v, is the crack velocity. Substitution
and integration yield

T = 12 (v /vg)2 (L/1)2U (20)

where vg = (E/p)}/2 = velocity of sound. For specimens where L/t is about 10, the
kinetic energy is small compared with the strain energy unless the crack velocity ex-
ceeds about v /100.

If, now, we turn to the energy balances that obtain during the slow reversible
extension of a crack, the work done (dW) when a crack increases its length (dL) must
be equal to the increase in strain energy (dU) plus the energy of the newly created sur-
faces (dS), i.e., dW = dU + dV. Since dW = Fd$, = (FZL2/EI)dL and dU = (F2L2/
2EI)dL = dW/2, if dS = ywdL, it follows that

¥ = 6F2L2/Ew2t3 | (21)

which is the equation derived by Gilman for the mes.surement of surface energies. This
is expected to be a minimum value, measured under reversible conditions, and should
provide a direct determination of the intrinsic surface energy. When cracking is
accompanied by irreversible phenomena (including plasticity near the crack tip), the
measured value should reflect these additional factors and would be larger.

Gillis‘zz), and Westwood and Hitch(21) discussed the Gilman approach in some
detail, noting that difficulties in interpretation arise for certain values of L/t. In
partially ductile materials, large values of L/t give rise to plastic deformation terms
that increase the apparent surface energy. Furthermore, for small L/t shearing
forces are more pronounced at the crack tip, and erroneous surface energies again
result.

Again assuming the geometry of Figure 1, but now following Westwoud and Hitch's
methods, the deflection at the crack opening is taken to be

8o = (FL3/3ED + (aFL,t2/4GI) , (22)
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where the second term (omitted in the preceding discussion) represents the contribution
from shearing forces. Tha factor, a, is a constant determined by the boundary condi-
tions in the vicinity of the crack tip, and, as before, G is the shear modulus. Follow-
ing the same arguments concerning the energy balance at the instant of crack propaga-
tion, it follows that

-7

6o

Yw= L

(23)

~|™
3

Taking the derivative of Equation (22) and combining that with Equation (23) yields

21,2 2
ye S ELD 1+£(L) -l , (24)
Ew?t3 GA\L/ |
or
2,2
y=6_F.i‘_(1+c.) , (25)
Ew?t3

where the correction term, C,, includes contributions from end effects and shearing
forces. For a ~0.land L > 3t, C, is <<0.01 and, as in Gilman's report, may be ne-
glected. However, for very short cracks (L < t), C, becomes quite important in the
analysis. Westwood and Hitch's work on KC1 shows that the proper interpretation of
the data requires that C4 be considered.

If, now, one refers to Y, as an "apparent' surface energy (6F2L2/szt3), then
Equation 24 can be rewritten as

Ya =Y+ (ﬁ) (t/L)2 (26)

Plotting 'yjl vs. (t/L)2 should then permit a direct measurement of y~! and, from
the slope of the line, the value of a. The value of y so calculated is that which would
be expected from elementary beam theory.

In other work, Westwood and Goldheim(23) ghowed that with long beams, erroneous
values of Y can be resolved (at least qualitatively) in terms of the plastic relaxation at
the crack tip, even for the reasonably ductile materials they investigated.

A somewhat more detailed calculation of crack velocities and crack accelera-
tions has been given by Berry(24), in which the surface energy may be determined
from the relations:

v. T L 2L 1/2
v, = 2 (1--%'—)(”—-!-“’—') (27
2L /3
"nsz Ler Schr Ley
ap, = - - -1 (28)
1203 L L2 L
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where

vy, = crack velocity

a; = crack acceleration
vg = velocity of sound in the medium
L = length of crack at time, T
2.3 1/2
L¢y = critical crack length = ( %:—zt—)

The other symbols were defined earlier. In an application of these relations,
Wiederhorn(25) has shown that rather precise values of the surface energy may be ob-
tained under a variety of experimental conditions.

In the preceeding discussion, qualitative consideration has been given to the
effect of adsorbed impurities on the measured value of surface energy. That adsorption
should play such a significant role is clearly pointed out for the case of mica
(K20.3A1,03. 68i0;,. 2H;0), which was the material originally studied by Obriemov(19),
While investigations of cleavage in vacuum have resulted in surface energies in the
range of 2400 to 5000 dyne per cm(26,27,28)  gimilar experiments in selected atmo-
apherel(Z"» 29,30) ghow considerably reduced values of surface energy (180 to 375 dyne
per cm). All of these measurements were performed at 25 C and clearly show the
effects of adsorption on surface energy.

In addition, it should be noted that the values measured in selected atmospheres
vary among themselves, where these differences may be associated with the type of
species adsorbed. As was discussed earlier, the interaction between dissimilar species
will depend upon partial surface energies, and the interaction of mica with water vapor
(yielding a measured surface energy of 180 dyne per cm) is significantly different from
that with hexane vapor (v, = 271 dyne per cm.).

IV-2.2. Calculation from Elastic Constants

Later discussion will be devoted to the theory of surface energies and various
methods of calculation, but some of the criteria for crack propagation should be con~
sidered here, with the analysis given by Gilman(31}, Gilman's argument rests on
various criteria for predicting cleavage planes in different (metallic and non-metallic)
systems. Some have agreed that the cleavage planes are those with closest packing, or
that bound unit cells, or that cut the fewest chemical bonds; the approach taken here is
that cleavage will occur on planes having minimum surface energy.

In the preceding analysis of cleavage cracks the force necessary for crack propa-
gation depended primarily on two materials constants: the elastic modulus and the sur-
face energy. Attempting to relate these two factors, Gilman assumes that the stress
between two surfaces can be approximated by a sine function
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w

olw) = 00 sin A

y 0<wW<A,

where A is a '"range" or relaxation distance of the attractive forces.

displacements (sin "™w/A = w/A) and Hooke's law, we have

o(w)=E(wl)=c =
o

where w, is the lattice constant perpendicular to the plane.

Thus,

c = e—
= )
o TI’WO

and

) = BA yin ™
GW-NollnA »

(29)

Assuming small

(30)

(31)

If we now integrate this stress function over the entire range of application (0 to A), the

resultant surface energy becomes

0
A
= EAS’ sinzr-w;-dw
2‘nw° A
0
_E (&) 2
'wo n

(32)

Thus, the cleavage planes should be those with minimum elastic stiffness normal to
these planes, maximum separation distance, and minimum relaxation distance for the

attractive forces between them.

In the subsequent tabulation cf surface energies, several values will be found
quoted as being ''calculated from elastic constants'. It is the evaluation of Equation (32)

that results in these entries.

IV-2.3. Strain Energy Release

While cleavage methods as outlined above are reasonably straightforward for
studies on single crystais, the method is difficult to apply to polycrystalline, non-

crystalline, or porous structures.

Davidge and Tappin(32) developed methods to determine the surface energies of a
group of different brittle "irregular'" materials that require a measure of the total
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energy released when a pre-notched specimen is completely broken. In essence, the
methods are three separate but related types of measurement with three interpretations.
The specimen geometry for the three methods is shown in Figure 2, where a three-
point bending apparatus with appropriate recording instrumentation is employed. A
typical load/deflection curve is shown in Figure 3.

3
% * a' Pr‘é!"
= y 4 - J
= & Y 2b(t-c)
b J s
4 1.7
(@ 4
L\M\
Deflection , 8
FIGURE 2. SPECIMEN GEOMETRY FIGURE 3. A TYPICAL LOAD/DEFLEC-
STRAIN-ENERGY TION CURVE FOR DETER-
RELEASE MINING STRAIN-ENERGY

RELEASE RATES

L = span; b = breadth; ¢ = crack depth;

t = thickness. Pp = fracture load; dp = fracture deflec-
tion; k = specimen stiffness, op = fracture
stress; U = strain energy; Yp = surface
energy.

The strain energy rolease rate, dU/dA, where A is the new surface area gen-
erated, may be cither calculated or determined experimentally. The former involves
the stress distribution computed around the specimen notch while the latter derives
dU/dA directly from load/deflection curves.

Analytical Approach. For small values of c/t (see Figure 2), the effective sur-
face energy, YG, determined by this method is given by

(l-vz) ﬂd%c
- ——— (33)
G =" qa 2E

where

v = Poisson's ratio
Op = Fracture stress = 3Fl/2btz

E = Young's modulus.

—
a .
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Aside from specific numerical constants, Equation (33) is essentially the original
Griffith criterion.

For crack depths where c/t >0.1, various mathematical treatments are avail-
able(33), with their form being such that the surface energy may be expressed as

_0¢ 1-v2) F242¢(c /1)
8Eb2(t-c)3

Yo , (34)

where f(c/t) is a dimensionless parameter and is plotted in Figure 4. For this correc-
tion factor to be interpreted properly, the reader should refer to the original publica-
tions, in which the details are explicitly defined.

FIGURE 4. VARIATION OF CRACK DEPTH-TO-
THICKNESS RATIO CORRECTION
FACTOR, f(c/t), WITH CHANGING
RATIO33

f(c/t)
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Compliance Method. The effective surface energy determined by this method,
Yc, should be the same as g from above. The load/deflection curve may be rep-
resented as F = k8, where k is the specimen stiffness. The stored energy at the moment
of fracture is then U = F*§*/2 or k §2/2. We now see that, for fracture at a fixed
deflection, we have

«2
e BB B,

The specimen stiffness, k, must be measured as a function of the initial crack area,
A = 2bc. For each notch depth, (3k/3A)g may be obtained from the slope of the crack
area-stiffness curve (Figure 5) at the appropriate value of A. Using these values with
the experimental values of 4* will give a series of Yc values.

Work of Fracture. For the case of catastrophic failure (which will be better
defined below), it is desirable to use deeply notched specimens, so that the total stored
energy in a weakened structure will be small compared with the surface energy. In this
case, controlled fracture proceeds as in Figure 5. The work of fracture is given quite
simply as

U __
2b(t-c) (36)
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FIGURE 5. GENERAL FORM OF
THE CURVE OF STIFFNESS, k,
VERSUS CRACK AREA, ABd

Solid surface energy can be found

from (/)

Stiffness k

Crack Area A=2bc

In their studies on alumina and an unspecified glass, Davidge and Tappin(32)
have shown that the analytical and compliance approaches provide self-consistent mea-
sures of the surface energy, and are in reasonably good agreement on the value of ¥y
On the other hand, the srface energy determined from the work of fracture is not as
well-defined, there being a dependence on the ratio c/t.

The needs for techniques which are applicable to '"rough'' materials have been
given general consideration by Nakayama(34), who compared various energy conditions
and predicted the nature of failure. Again taking the case of three-point bending of a

specimen of dimension £, w, t, the energies stored at the time of fracture are calculated

to be
twts?
@ Us 5
4wi4s2
(b) U, = ——— (37)
K42
() Uo=U|+Ua 2
where
U,, U, = elastic energy stored in specimen and ap; ratus, respectively
S = specimen tensile strength

K = apparent spring constant of apparatus

U, = total stored energy.

For effective fracture energy of Yo¢s the energy required to cause separation in the
test piece (with cross section over A) is U, = 2AY,¢;. Now the difference AU = U,- Uy
is an approximate criterion of the mode of%racture. For AU > 0, the failure is
obviously catastrophic since the stress energy must be consumed by other forms, such
as kinetic energy of the fragments. For AU < 0, the stored energy is insufficient to
cause complete fracture, and this is referred to as stable fracture.
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Nakayama showed different modes of failure, illustrated by the three curves of
Figure 6, and discussed the conditions under which these obtain. For completely
catastrophic brittle failure, the load/deflection curves (or, better, the load/time curves
under constant deflection rate) are of the form shown in Curve A of Figure 6. While
the total energy supplied to the system can be calculated, no reliable estimate of Yeff
is possible, because of the kinetic energy of the fragments.

A
® FIGURE 6. SCHEMATIC LOAD-TIME
CURVES REPRESENTING (A) CATA-

c) STROPHIC, (B) SEMISTABLE, AND
/ (C) STABLE FRACTURES(34)

Time

Bending Force

On the other hand, the introduction of an artificial crack reduces the tensile
strength, S, and thus U,, anc a stable or semi-stable crack can be propagated, as in
Curves B and C of Figure 6. Then, the total external work, U..

TC
veev (| Caar (38)
0

can be computed, where v is the speed of the overall deflection, 7. the time for frac-
ture completion, and f is the bending force. This method has produced results that are
in essential agreement with the results of other techniques.

Iv-2.4. Crulhing

While Berdennikov(35) and Kuznetsov(36) have considered crushing as a way to
determine surface energy, a more nearly complete treatment of the problem has been
forwarded by Johnson et al.(37,38,39) in which experiments on the crushing of quartz,
rock salt, and a number of minerals and ores was carried out. The results reported
in this latter study seem questionable, but the method itself merits some brief discus-
sion, particularly regarding the difficulties that arise.

In an ideal crushing experiment, a steady force or a sudden impact is applied to
the sample, the heat evolved is measured in a completely adibatic system, and the
total surface area of sample is determined after each step of comminution. Alter-
natively, rather than measure the heat evolved, it is possible, in principal, to deter-
mine the amount of energy dissipated in, say, a falling weight, that effects the crushing
and to translate this energy directly into the surface energy of the resulting fragments.

Either method is grossly oversimplified, since the total energy dissipated in sev-
eral ways, none of which is simple to calculate or account for. For examples, there
are frictional losses in most apparatus used for the transfer of energy to the specimen;




24

in all but the most completely brittle materials, there are energy losses associated
with plastic and elastic deformation of the material, as well as in the apparatus, and
in unconfined systems, there is a contribution fron: the kinetic energy of the fragments.

The degree to which these uncertainties affect the results can be surmised from
a single comparison of Johnson's data with that reported by other investigators. While
the analysis of data was fairly crude, it can be seen that the surface energy experi-
mentally determined from crushing techniques is approximately 1000 times larger
than the (albeit inaccurate) theoretical figures quoted by Johnson. Clearly, consider-
able development is necessary before this technique can be regarded as a promising
candidate for surface energy determinations.

IV-2.5. Bent-Wafer Techniques

Certain crystalline materials lack inversion symmetry in particular crystallo-
graphic directions. The most notable of these are the materials with the zincblende
structure, particularly the III-V compound semiconductors such as InSb, GaAs An
examination of the structure of these materials reveals that if these materials were
split along a (111) plane, one resulting face would be all atoms of Group III and the
other would be all atoms of Group V. Hence, a specimen of these materials that is cut
so that it is bounded by (111) planes on opposite faces would show asymmetrical prop-
erties. Some of the earliest experimental evidence of the nonequivalence of the two
faces was the work of Maringer“o) on the etching of (111) faces of InSb and on the
resulting dislocation etch pits observed. Mure detailed observaticns on the etching
behaviour was documented by Gatos et al. (41, 42,43) and by Faust et al.(44) in several
series of investigations on various materials with the zincblende structure.

A consequence of the dissimilarity in parallel faces is the spontaneous bending
of thin wafers of these compounds. The different chemistry of the parallel surfaces
gives rise to a different surface tension on each face, and the thin specimens will bend
until a balance is achieved between the internal elastic energy and the applied bending
moment; this configuration will be characteristic of the material and its dimensions.
Cahn and Hanneman(45) undertook a detailed study of the surface energy of the III-V
compounds and, with experimental data of Finn and Gaton“"’, compared computed
values of surface energy with the spontaneous bending observed and the resultant sur-
face tension differences. It is expected that similar effects should be found for all ma-
terials which crystallize in the zincblende structure, including the III-V compounds of
indium, aluminum, and gallium with arsenic, antimony, and phosphorus; as well as
compounds from other groups in the periodic table, for example, compounds of bery!-
lium, zinc, cadmium, and mercury with selenium, tellurium, and sulfur in Group VII.

It is interesting that the bent-wafer phenomenon can also be applied to the study of
changes in the surface tension differences caused by adsorption of gases, effects of
bulk impurities (particularly in very thin ssctions), and the influence of electronic
cffects associated with illumination and other excitation mechanisms.

One additional point of clarification should be added regarding the actual quantities
contributing to the spontaneous bending of crystals having this structure. In principle,
the bending is caused by a difference in surface tension rather than surface energy, and
care must be exercised in the design of experiments which study this phenomenon. It
has been demonstrated that, while the absolute surface energy of a material is always
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greater than zero, the surface tension can be negative. A better understanding of the

relationships between these two related quantities is required before experimental data
can be properly interpreted.

IV-2.6. Fiber Stress

Most mechanical methods apply only to brittle or semi-brittie material. The
fiber-stress technique applies specifically to ductile materials. In this technique for
measuring the surface energy of solids, a fiber to be examined is held in a vertical
position and a balance of forces is met in which the downward force (due to the weight
of the fiber) is just balanced by the upward force (applied on the periphery) arising
from the surface tension (Figure 7). Early experiments using this method was dis-
cussed by Udin et al.(47), with later contributions from Parikh(2),

(A) (B)

FIGURE 7. (A) FIBER ELONGATION AND (B) GLASS FIBER
AS A CYLINDER OF VISCOUS MATERIAL(2)

According to Parikh's analysis, one considers the fiber stress along the axis of
a cylinder to be given by

nr

where

2Try = upward surface tension force
w = nr2plg = gravitational force, downward.,

The radial stresses are taken to be Oy = 95 = 2y/d = ¥/r.

For the case of zero strain,
Ux = OY = Uz, lnd
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Y_2Try-w (40)
r 2
Tr
or
w = Try,
But
=) o T (41)

where 0, is the stress at zero strain, so that we have
0, = V/r. (42)

Fibers of constant radius and different lengths can be suspended in a selected
atmosphere at a given temperature and the length of fibers determined that neither
contracts under the action of surface tension nor elongates under its own weight. If
the radius and density of the material is known, the surface energy can be calculated
directly.

Two limiting situations exist. For long fibers that tend to elongate under their own
weight, the cross section should decrease continuously, increasing stress and finally
causing ductile fracture, On the other hand, the short fibers should react more strongly
to the surface forces that tend to reduce the area of the sample, and a sphere should
result. In most practical cases, the movement is much too slow to be observed in a
reasonable length of time.

As expected, Bikerman(l7?) takes a somewhat differ:nt view of this method, and
criticizes its use, noting that '...there is no reason to suspect that surface properties
of the solid have any influence on the phenomenon studied.'" Bikerman has presented
several alternative derivations of the equations necessary to use fiber extension as a
total determination uf surface energy of thin wires and foils. However, he also details
nine different objections to the method, each one of which is supposed to prove that the
technique not only does not work but should never be expected to work. He omitted an
important point from this critique, however, namely, the effects of creep and viscous
flow (also omitted by Parikh). Whatever the relation between the weight of the fiber
and the surface forces, no stable equilibrium is expected; in time, the fibers should
either break under their own weight or reduce to a sphere. But while no stable equilib-
rium can be expected, a kinetic equilibrium might be defined in which the elongation
caused by the weight of the fiber and the contraction associated with the surface energy
are only two of the factors which will be active in the process. In addition to these,
one must include terms associated with the diffusion of vacancies and other imperfec-
tions, dislocation migration, stress-concentration factors, inter- and inter-granular
motion (except in amorphous or single crystal structures), and additional continuously
operating variables that will influence the mass motion of the fiber. A concentrated
effort on the kinetics of this motion should produce, at a given temperature, a more
nearly exact and more rigorously defined value of the surface energy of the specimen.
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It should be pointed out, in addition, that while the statement of the problem can
be reasonably concise, it is not suggested that the solution of the problem is simple
and straightforward. Further, and more important, the effective surface energy will
not be constant during the experiment, but will depend, in part, on the composition of
surface and the bulk. It is expected, indeed, that the presence of significant vacancy
concentrations or other physical defects will affect the surface energy, so that second-
order effects will contribute to the dynamic problem. Moreover, the presence of
adsorbed species (where experiments performed in such a manner as to investigate the
effect of such species on the surface energy) will complicate the problem further, in-
asmuch as the density of adsorption sites can be a function of the other variables of the
system.

In summary, the reaction of a fiber to its environment can be used, in principles,
as an experimental tool for determining solid surface energy, but the results must be
analyzed and interpreted very carefully.

IV-2.7. Unit-Cell Measurements

The determination of unit-cell size by X-ray measurements on fine particles has
been discussed by Nicolson(48) as a tool for the study of surface energies. Simply
stated, it is assumed that the effective unit~cell dimensions are generally affected by
impressed force fields (as observed in high-pressure experiments). For the case con-
sidered here, an increase in surface/volume ratios obtained from specimens with
successively smaller size should manifest itself by an increased effective surface pres-
sure per unit volume and the concomitant change in unit cell dimension would constitute
a direct measure of the surface energy of the material.

It is apparent that the analysis of such an experiment implies that atomic arrange-
ments are independent of position of atoms within a given particle; i.e., the surface
"lattice' is essentially identical to the bulk lattice. That such is the case has been dis-
proved in numerous LEED* studies, particularlyof nonmetallic materials. Furthermore,
considerable care must be exercised in making assumptions regarding the uniformity
of the pressure across any crystal face in a fine particle, since it is shown in numerous
examples that the surface energy is strongly orientation dependent. Finally, where
surface tension effects determine the state of strain in fine particles, additional com-
plications arise due to the fact that this term can be negative for selected crystalline
faces. :

At this point, it is not possible to ascertain the degree of reliability of data ob-

tained through the use of this method, since there has not been, to this reviewer's
knowledge, a detailed treatment of the theory of the measurement and its interpretation.

IV-2.8. Other Mechanical Techniques

Kuznetsov(36) reviewed a number of other techniques forwarded for the deter-
mination of the surface energy of various solids, particularly the alkali halides. Among
these, the major emphasis has been on his own work uging mutual grinding, abrading
and drilling methods, as well as on the use of hardness as a correlative function. Much
of this work is devoted to a semi-quantitative analysis of the weight and/or volume
losses of materials that result from the techniques used and, with a few generalities

*Low tnergy Electron Diffraction.
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about crystal structure, lattice constants and other parameters, provides a highly
simplified point of view. From a purely qualitative point of view, many of Kuznetsov's
findings suggest areas for fruitful development, but, the analysis of the data (as pre-
sented) leaves much to be desired.

In general, Kuznetsov makes very simple assumptions regarding the products of
the grinding, abrading or drilling methods, with the generalized comment that all con-
tributions to stored and released energy can be associated with the production of new
surfaces of crystallites, which are relatively uniform in size and shape. In some
respects, his arguments resemble Nakayama's(34), described earlier, but lack enough
detail to ascertain the limits of predictability. While Nakayama admits contributions
from elastic and plastic deformation and attempts to correct for them, Kuznetsov ap-
pears to neglect such '""spurious' contributions.

For completeness, many of Kuznetsov's results will be included in the tabulation
of surface energy values in Section VI. However, the reader should realize that many
of these are subject to more detailed analysis and might be unreliable (particularly
where no other comparative data are available).

IV-3. Thermodynamic Methods

IV-3,1. Critical Angle for Wettini

As mentioned in discussing the thermodynamics of interface phenomena, Zisman(1)
and his co-workers developed the concept of the critical angle for wetting and have used
this to determine wetting conditions and associated phenomena. We shall consider here,
in a little more detail, the nature of the approach and its application to inorganic ma-
terials as more recently pursued by Eberhart(57). Using the relation defined in Equa-
tion 13, Zisman used a series of homologous liquid organics to determine the so-called
critical surface tension, Y., of solid substrates. It is argued that the value of Y, is a
characteristic of the solid surface alone. Zisman considers 7, to be an empirical
parameter that varies with the solid surface composition in much the same way as one
would expect for the surface energy y‘s’., although no specific claim is made as to the
identity of the two quantities.

More recently, Eberha rt(49) discussed the application of this measurement to
solids with high surface energies (it will be recalled that Zisman confined his consider-
ations to materials with relatively low surface energies), comparing experimental de-
terminations of v, with other values of ¥5. In reviewing the findings of others, Eberhart
noted that the critical surface tension is of the same approximate magnitude as the
solid-vapor interfacial tension, 'yg- Te Where T, is the spreading pressure of an ad-
sorbed species. If this is the case, it is then only necessary to determine the spreading
pressure in order to calculate the intrinsic surface energy directly from such contact-
angle measurements.

One immediately encounters certain difficulties in interpretation and translation,
however. The first of these comes from the definition of '"homologous series of liquids"
in the sense envisaged by Zisman. To use the technique with any degree of certainty,
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the properties of the liquide in a service must be roughly similar or at least must vary
in a well-understood manner. It would seem logical to choose binary or higher order
liquid mixtures with well-behaved surface tensions in the region of miscibility. That
is, the liquids should have a regular (not necessarily linear) variation in surface ten-
sion with composition. Further, no component of the liquid should interact to any mea-
surable extent with the substrate material; obviously, compound formation at the inter-
faces and interdiffusion should be avoided or minimized. These restrictions are
somewhat severe, particularly for measurements at elevated temperatures, and one
cannot expect that the technique will apply readily to a large range of solid materials
until further definitive research has been carried out. Even so, it appears at this writ-
ing that the method has distinct advantages and deserves additional attention.

Examples of the type of binary liquid melts that may be used as homologous series
for the determination of solid surface energies, are shown in Figures 8 and 9. Where
no interactions occur between the melts and the substrates, these curves show that
a wide range of liquid surface tensions can be employed for high-temperature measure-~
ments on selected solids. Similarly, Figures 10 and 11 depict the variability in sur-
face tensions available in ternary systems at high temperatures, where these can be
most useful in examining the surface energies of refractory compounds.

Recently, Rhee(50) used the ""homologous series' technique to measure surface
energies of a number of refractory carbides and nitrides using molten metal as the con-
tact liquid, but introduced a simple modification that might be extended to a number of
different systems. Rather than choosing a series of liquid metals or metal alloys,
Rhee elected to use a single metal and vary the temperature over a range where there
is no significant difference in the reactions between liquid and solid surfaces. By plot-
ting the contact angle as a function of temperature, a value is chosen for the critical
angle for wetting (similar to Zisman's and Eberhart's method) as a function of
temperature.

To lend support to Rhee's results, i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>